Balance and gait in ARM 2 20/06/2011 Purpose: To assess the postural stability and gait characteristics of adults with Age-Related Maculopathy (ARM) and to identify the visual factors associated with postural stability and gait in this clinical population. Methods: Participants included 80 individuals with a range of severity of ARM (mean age = 77.2 years). Binocular visual function measures included visual acuity, contrast sensitivity and merged binocular visual fields. Postural stability was assessed on both a firm and a foam surface using centre of pressure measures derived from a force platform. Forty three of the participants underwent a three-dimensional motion analysis to quantify a number of gait characteristics, including walking velocity, proportion of time spent with both feet in contact with the ground (double support time), stride length and step width. Results: After adjusting for age, gender, self-reported physical function, and cataract severity, all of the vision measures were significantly associated with postural stability on the foam surface, with contrast sensitivity being the strongest correlate. In the analysis of the gait measures, only contrast sensitivity was significantly associated with walking velocity, step width or stride length, while contrast sensitivity and visual field loss were both significantly associated with double support time.
INTRODUCTION
Effectively navigating through a complex environment requires successful integration of both sensory and motor functions. Loss of visual function may pose significant challenges to an individual in terms of such integration. Among those with low vision, important visual cues for effective locomotion may be degraded, such that individuals require more time or effort to navigate safely through their environment. While the mobility problems of individuals with age-related macular degeneration (ARM) have been well documented, [1] [2] [3] [4] [5] much less is known about the mechanisms underlying these problems. In the present study we assessed the balance and gait characteristics of individuals with ARM and sought to identify the visual factors associated with these characteristics in this population.
Older adults with ARM demonstrate greater magnitudes of sway when postural stability is measured under conditions of reduced somatosensory feedback compared to age-matched controls. 1, 6 This suggests that individuals with ARM are more likely to fall during times of somatosensory disruption (such as walking on carpeted flooring), 1 given that decreased postural stability is associated with an increased propensity for falling. 7, 8 Reduced contrast sensitivity has been shown to be the strongest visual predictor of increased postural sway in independent communitydwelling older adults, 9 and in a smaller sample of adults with ARM. 1 The walking and mobility characteristics of adults with ARM have largely been measured during navigation through specially designed "mobility courses", where performance is usually expressed as time to complete the course and/or ability to avoid obstacles. On these courses, the performance of adults with ARM has been found to be worse than that of age-matched control participants under low, 10 but not under high levels of illumination. 4, 10, 11 In studies which have considered the range of performance within ARM subjects, variations in mobility performance were associated with reductions in visual fields and contrast sensitivity, 4, 5 or the level of ARM (as defined by fundus appearance). 12 To date only two studies have measured the specific gait characteristics of individuals with ARM and have demonstrated that adults with ARM walk more slowly and cautiously (shorter stride length and longer time for stride and stance) than age-matched controls. 2, 3 These differences were more apparent when walking on different surface types, although they were not related to the ambient level of illumination. 2, 3 These studies did not, however, examine the specific aspects of visual function that were associated with these gait adaptations.
Collectively, these studies have shown that individuals with ARM have problems with various aspects of mobility and balance compared to those with normal vision. Our study aimed to extend upon this by identifying which measures of visual function are associated with these balance and gait difficulties. The postural stability and gait characteristics of older adults with ARM were assessed using gold standard measures of postural stability 13 and three-dimensional motion analysis, 14 while standardised, validated measures of visual acuity, contrast sensitivity, and visual fields were included as visual function measures.
METHODS

Participants
Eighty community-dwelling individuals with retinal changes consistent with a diagnosis of ARM were recruited to participate in the study. Participants were either recruited from the School of Optometry Clinic at Queensland University of Technology, via the electoral roll, or from Brisbane-based members of the Macular Degeneration Foundation (Sydney, Australia).
Participants were required to have no significant ocular or visual pathway disease leading to visual field loss, other than ARM. Participants were excluded from the study if they were unable to walk unaided, had a history of Parkinson's disease, diabetes or peripheral neuropathy, or showed signs of dementia (Mini Mental State Examination score <24 out of 30). 15 The research followed the tenets of the Declaration of Helsinki, and informed consent was obtained prior to participant assessment. The research was approved by the Queensland University of Technology Human Research Ethics Committee.
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Vision Assessment
All participants underwent an eye examination, including assessment of the presence and severity of lens opacification, using the slit lamp-based Lens Opacities Classification System (LOCSIII). 16 For the purpose of analysis the highest LOCS score (either nuclear, posterior subcapsular or cortical) in the eye with the better visual acuity was used as the level of cataract severity. The severity of ARM was graded independently from fundus slide photographs of each participant according to the AREDS classification scheme. 17 The average of the AREDS grades for the two eyes was used in the analysis, as it places greater weight on participants with equal degeneration in both eyes, representing more severe impairment.
Binocular high contrast visual acuity was measured with participants' habitual distance refractive correction using a Bailey-Lovie high contrast letter chart at a working distance of 3.2 metres and an average luminance of 195 cd/m 2 . Participants were instructed to guess letters, even when they were unsure, until a full line of letters was incorrectly read. Visual acuity was scored as the total number of letters read correctly, converted to logMAR units. Contrast sensitivity was measured binocularly using the paper version of the Melbourne Edge Test, 18 at a working distance of 40 cm and an average luminance of 65.5 cd/m 2 , with an appropriate near correction.
Participants were asked to identify the orientation of the edge within each circular patch until two consecutive incorrect responses were made and the lowest contrast edge correctly identified recorded as the participant's contrast sensitivity in dB. Visual fields were assessed using the Humphrey Field Analyzer (Model HFA-II 750, Carl Zeiss Meditec Inc., Dublin, CA, USA). Monocular 24-2 SITA-Standard threshold tests were performed by an experienced optometrist. A binocular mean deviation (MD) score was derived by merging the right and left fields to create a binocular visual field, based on the more sensitive of the two eyes at each visual field location. 19 
Postural Sway Assessment
Postural sway was assessed using standardised techniques which have been employed in previous studies of balance, 1,6,20 on two different surfaces (firm and foam), with eyes open and with participants wearing their habitual walking spectacle correction.
For the firm surface condition, participants were positioned in the centre of an AccuSway force platform (Advanced Mechanical Technology Inc., Watertown, MA, USA) and asked to stand as still as possible for a period of 30 seconds. For the foam surface trials, the participants stood on a medium-density 15 cm thick block of foam with a surface area of 50 cm 2 , which was positioned over the surface of the force platform. This condition reduced the somatosensory input to balance control. For both conditions, the participants were instructed to place their feet 10 cm apart while gazing directly ahead at a cross subtending 1.43 degrees in width which was mounted on a wall. To ensure the participants' safety, a member of the research team stood nearby to help steady the participants if they became unbalanced. During each 30 second trial, centre of pressure data were collected by the force platform at a sampling rate of 50 Hz and provided information on the anterior-posterior and medio-lateral sway of the individual. The extent of postural sway was represented by the overall length of the centre of pressure path for the firm and the foam surface. Several common measures derived from the centre of pressure data were compared (anteriorposterior and medio-lateral extent and RMS amplitude, elliptical area and rectangular area). Of these measures, path length had the best predictive validity, in that this measure had more robust correlations with the vision measures at the bivariate level, and these bivariate relationships better met the assumptions of multiple regression in having evenly distributed, or homoscedastic, residuals. Path length has also shown to be been a strong predictor of postural instability and falls in previous prospective studies. 21 Due to equipment problems, only data from 77 participants were available for analysis.
Gait Assessment
Forty-three participants (those who were recruited via the Optometry clinic or Macular Degeneration Foundation) also completed a gait assessment while wearing their habitual walking spectacle correction. Each participant was asked to walk at a self-selected and comfortable pace along a firm walkway measuring 12 metres (6 trials) at an average illumination of 468 lx. To remove any influence of shoe design on gait characteristics, the participants performed the trials in a barefooted condition, which is in accordance with methods used in previous clinical gait assessments. 22, 23 Twenty eight spherical markers were positioned on the body in accordance with the Helen Hayes marker set, 24 which was modified to include the upper body. Markers were attached to the trunk (sacrum, sternum and C7 spinous process), arms (lateral border of the acromion, olecranon process of the humerus, radial and ulnar styloids), and head (supra-auricular point and the top of the head). During the walking trials, the motion of these markers was tracked at a rate of 50Hz using a six-camera threedimensional motion analysis system (Peak Motus 2000; Vicon, Oxford, UK). The three-dimensional position of the markers was used to calculate stride length, double support time (percent time spent with both feet in contact with the ground), step width (distance between right and left heels during double support) and walking velocity (stride length divided by stride period) 25 as shown in see Figure 1 . The selection of these variables was based on the knowledge that older individuals often seek to reduce stride length and walking velocity and increase double support time in an attempt to minimise postural instability. 26 
Statistical Analyses
We examined the association of the vision measures with the postural sway and gait outcome measures. Characteristics considered likely to be associated with visual impairment, postural sway and gait characteristics were included as potential confounders (age, gender, physical function, and cataract severity). To assess the relative contributions of each vision variable to each of the postural sway and gait outcome measures, while maximising the ratio of cases to variables, a series of stepwise regression analyses were performed using a forward selection procedure.
The forward selection technique is appropriate in instances where the goal is to derive a minimal set of predictor variables that maximise prediction of a given criterion. 28 First, partial correlations were examined for each independent variable/dependent variable pair controlling for the covariate set. Then, multivariate regressions were performed in which entry to the model was controlled by whether the inclusion of the variable in the model significantly improved model performance.
RESULTS
Demographic characteristics, visual function, postural stability and gait data for the participants are given in Table 1, while Table 2 presents the range of AREDS classifications for participants in the sample. Tables 1 and 2 about here The mean age of the participants was 77.2 years with a range from 59 to 95 years of age. There were more women than men in the sample (36 males, 44 females), which is typical of those with ARM. 29 There was wide range of severity of ARM within our participants, according to their AREDS score and the level of their binocular visual acuity, contrast sensitivity and visual field loss. The subset of participants who took part in the gait assessments (n = 43) were younger on average (mean age = 75.8 years, SD = 7.2), and overall had poorer visual function (mean visual acuity = 0.39 logMAR, SD = 0.47) than those who did not. All participants undertook the balance and gait assessments wearing their habitual walking spectacle correction which included 32% wearing bifocals, 23% progressive lenses, 4% trifocals, 5% single correction, and 36% no correction. No differences were found for any of the sway or gait outcome measures according to the type of habitual walking spectacle correction worn.
The postural stability and gait characteristics of our sample of individuals with ARM also demonstrated a wide range of performance levels across the group. The effect of disrupting the information from the somatosensory system by standing on the foam was highly significant, where the length of the centre of pressure path on the foam surface was longer than that on the firm (t(76)= -14.05, P < .001). Table 3 shows the partial correlations between the vision measures and the performance measures of postural sway and gait including walking velocity, stride length, step width and double support time. Covariates were age, gender, physical function, and cataract severity. Table 4 shows the multivariate linear regression models for each outcome measure. Contrast sensitivity, visual acuity and visual field loss were all significantly associated with postural stability on the foam surface at the bivariate level. Figure 2A shows the relationship between contrast sensitivity and postural sway on foam. For each measure, reductions in visual function were associated with greater postural instability, after controlling for the covariate set. In the multivariate model ( Table 4 ) the only vision measure that was significant was contrast sensitivity, indicating that the other vision variables did not significantly add to the prediction of postural sway on the foam surface after contrast sensitivity was taken into account. None of the vision variables were correlated with sway on the firm surface. Table 4 and Figure 2 about here At the bivariate level, contrast sensitivity was significantly associated with all four of the gait measures after controlling for the covariate set, while visual field loss was only significantly associated with double support time and the AREDS score was associated with walking velocity and stride length. Poorer scores in these vision measures were associated with shorter stride length and wider step width, slower walking velocity and longer double support time (illustrated for contrast sensitivity and walking velocity in Figure 2B ). Visual acuity was not significantly associated with any of the gait measures. In the multivariate model only contrast sensitivity was significantly associated with these gait characteristics. The other vision measures did not significantly add to the prediction of these outcome measures after reductions in contrast sensitivity were taken into account (Table 4) .
For those bivariate analyses where visual field loss was significantly associated with the sway and gait outcome measures, we also explored the question of whether visual field loss in the upper or lower hemifield was more strongly associated with these outcome measures, again controlling for the same covariates. Greater inferior field loss was found to be the better predictor of increased sway (inferior, r = -0.324, superior, r = -0.212), while greater superior field loss was the better predictor of increased double support time (inferior, r = -0.186, superior, r = -0.414).
DISCUSSION
Our study demonstrated that increasing visual impairment due to ARM was significantly associated with postural instability and gait problems measured within a controlled laboratory environment. Poorer visual function was associated with greater postural instability and gait adaptations including shorter steps, wider stance, slower walking speed and more time spent with both feet on the ground. Of the visual functions examined, contrast sensitivity was the strongest individual predictor of each outcome, while visual fields were related to only some of the gait parameters. It is likely that these associations may be even stronger in the real world environment which is far more visually challenging, and in a frailer population.
Our study found that contrast sensitivity was the only visual function measure significantly associated with sway on a foam surface, when the visual function measures were combined in a multivariate model. This is consistent with the findings of Elliott and co-workers 1 who reported a significant association between contrast sensitivity and postural sway in the foam condition in adults with ARM, but little association between postural sway and central visual field measures. Our findings are also in accord with balance studies from general older populations, where reduced contrast sensitivity was the strongest independent visual predictor of postural sway. 9 The finding that visual function was predictive of postural stability on the foam and not the firm surface was not unexpected given that the contribution of vision to postural stability increases under conditions of reduced somatosensory input. 9 Furthermore, we found that contrast sensitivity was the only visual function measure significantly associated with the gait adaptations in the multivariate models. The gait adaptations associated with reduced contrast sensitivity included shorter strides, wider steps, slower walking speed and more time spent with both feet on the ground. These characteristics have been postulated to be representative of a more conservative walking pattern and are thought to occur due to an increased degree of caution being adopted by a particular individual. 26, 30, 31 While our study is the first to investigate the visual predictors of gait adaptations in ARM, Spaulding et al. 2 demonstrated that those with ARM, as compared to controls, also adopted more cautious gait patterns when walking in challenging environments.
The finding that contrast sensitivity is the best predictor of gait adaptations complements previous mobility research involving relatively complex obstacle courses. 4, 5 These studies suggest that the most important predictors of mobility performance in ARM patients were impaired contrast sensitivity and visual fields. It is likely that the contribution of visual field loss in safe navigation through these complex mobility courses is greater than that found in this study due to the inclusion of peripheral obstacles and increased path complexity. Importantly, the findings in the current study do indicate that visual field loss was significantly associated with increased double support time in the bivariate analyses, suggesting that a combination of visual field and contrast sensitivity may play an important role in determining the gait adaptations among older adults with ARM. Previous research has suggested that falls may occur more frequently in those individuals with inferior field loss. 32 However, while our findings suggest that greater inferior field loss was more strongly associated with increased postural sway, greater superior field loss was more strongly associated with increased double support time.
This study has important strengths in that we have used well established and standardized measures of postural stability, gait and visual function. Our measure of postural stability based on force platform data and the three-dimensional motion analysis are considered to be gold-standard measures of balance 13 and gait. 14 There are, however, a number of limitations that should be addressed in further research.
Firstly, although the sample size used in these analyses is larger than many others in this field, the large degrees of freedom for the effects (the number of predictors and covariates in the model) reduce the power of some analyses. Further research using larger samples would strengthen the conclusions made. It would also be useful to investigate the relationship between changing visual function and gait longitudinally within an ARM sample, rather than cross-sectionally. Further research is also needed to examine whether these changes found in our laboratory-based study are also mirrored during real-world navigation in both novel and familiar environments. Table 4 . Stepwise multiple regression analyses using vision measures as predictors, age, gender, physical function and cataract severity as covariates, with the dependent variables of postural sway on a foam surface, walking velocity, stride length, step width and double support time. 
